Background: Two long sewerage canals in the city of Kolkata, India were heavily infested with larvae, pupae and egg rafts of the mosquito Culex quinquefasciatus. Although the burden of bancroftian filariasis and other diseases transmitted by C. quinquefasciatus in the city is practically zero, the night-biting mosquitoes are a great nuisance to residents living alongside the canals. It is known that mosquitoes survive poorly in water agitated by wave and wind action.
Introduction
The city of Kolkata, India, has two long sewerage canals of variable width, namely the Beliaghata Canal (5500 m long) and Tolly's Nullah (9000 m long), which are the main flows of the River Hooghly ( Figure 1 ). With no intervention, the water in the canals becomes stagnant, filthy and heavily infested with the larvae, pupae and egg rafts of the mosquito Culex quinquefasciatus. Insects of this species comprise 65 -97% of the city's night-biting mosquitoes.
1,2 Their numbers reach a peak in February and March and, in addition to causing a nuisance to people living alongside the canals, the mosquitoes are principal vectors of lymphatic filariasis, a crippling disease caused by the parasitic nematode Wuchereria bancrofti. It is notable that transmission of this disease in Kolkata is practically zero.
In November 2009, prior to taking measures to prevent C. quinquefasciatus breeding in the canals, the health department of Kolkata Municipal Corporation (KMC) assessed mosquitogenic conditions in the canals. The immature insects were concentrated mainly along the canal edges. In some places water at the canal edges was covered with weeds, such as Eichhornia crassipes, Azolla sp., and Ipomoea sp. Plastics, domestic wastes and other discarded items from the nearby communities had accumulated here and there in both canals. Water samples drawn from the canals contained no larvivorous fish or any other predator such as Mesocyclops, presumably because of the high degree of water pollution.
Mosquito eggs, larvae and pupae survive poorly in water that is subjected to wave and wind action, or if the water surface is artificially disturbed by sprinkling. Surface agitation reduces larval numbers because it interferes with the functioning of the air-breathing mosquito larva's respiratory siphon. 3 Encouraged by this published information, the KMC health department decided to ply speedboats along the city's two highly mosquitogenic canals, anticipating that such a measure would help set the water surface in motion and thus prevent mosquito breeding. Four speedboats were hired for the study, at a cost of $US59.1 per boat per day (inclusive of the drivers' daily wages). Two boats plied the Beliaghata Canal and two Tolly's Nullah, at 8 -15 nautical miles per hour for 4-5 h daily for 6 days a week. Each speedboat had a 9.9 hp engine that consumed 25 litres of kerosene and 1.5 litres of petrol per day. The speedboats travelled along each canal 10 -15 times daily. The velocity of the speedboatgenerated waves in each canal was measured by using a piece of quill stem, measured string and stopwatch. 4 In all, seven rowing-boats (each with two boatmen) were hired at a cost of $US20.5 per boat per day to carry out the spraying of the canals. Two boats were used in the Beliaghata Canal and five in Tolly's Nullah. Two spraymen per boat (deployed contractually against payment of a daily wage of $US4.9 each) were detailed for the spray. As the mosquito larvae were mainly concentrated along the canal edges (up to 1 m from the edge of the canal), the larvicide was sprayed accordingly. Temephos 50% EC (priced at $US27.3 per litre) at a concentration of 1 part per million (ppm) was sprayed for 6 days a week to complete one round of spray in each canal. Spraying continued throughout the year.
Mosquitogenic conditions in the canals were monitored for 1 year (November 2009 to October 2010) before the start of the study. Collections of mosquito larvae (that included all instars), pupae and egg rafts were made at fortnightly intervals, using a 250 ml ladle to take dips of canal water. Twenty-five sites were chosen randomly for collecting mosquito immatures from each canal, 15 from the deeper stretches of canal suitable for the plying of speedboats and 10 from the shallower stretches where rowing boats were used to allow spraying of larvicide. Five dips were conducted every fortnight at the 25 fixed sites along each canal (i.e. a total of 125 dips per canal per fortnight). The collecting points were 100-150 m apart. In addition, indoorresting adult mosquitoes were captured from a fixed set of 25 canal-side households (i.e. 15 households along the deeper stretches of each canal and 10 along the shallower stretches) at fortnightly intervals, using a total of 2.5 man-hours, following the procedures prescribed by the WHO Expert Committee. 5 To assess the impact of the mosquito control measures undertaken in the canals, counts of mosquito immatures and adults were made at fortnightly intervals, from the same fixed spots where sampling was carried out before the launch of the programme.
Results
The speedboat-generated waves reached 81.3 cm above the edges of the canals. Figure 2 shows waves lapping against an edge of the Beliaghata Canal.
Egg rafts, larvae and pupae collected from the test canals were mainly found to be C. quinquefasciatus (95 -98%). Other mosquito species, such as Armigeres subalbatus, C. vishnui, C. tritaeniorhynchus, Anopheles subpictus and A. vagus, were found to breed in both the test canals, but to a very small extent.
Before starting the speedboat programme, the average larval count of the mosquitoes (to be read as the ones belonging to the species C. quinquefasciatus) per dip in both the canals varied from 293 (40 first, 39 second, 102 third and 112 fourth instars) in August to 2942 (397 first, 555 second, 836 third and 1154 fourth instars) in February and the variation in the pupal count was from 107 in August to 1457 in February (Table 1) .
In both canals, the plying of speedboats began in the first week of November 2010; within 1 month the densities of both mosquito larvae and pupae had slumped by 97% and 99%, respectively. For instance, after the start of the programme, one dipper sample drawn in November contained an average of 40 larvae (14 first, 15 second, eight third and three fourth instars) and seven pupae. The counts of both larvae and pupae remained 430  1332  800  590  1  40  7  37  December  550  1453  1152  660  2  51  8  28  January  700  1936  1123  690  2  65  10  21  February  800  2942  1457  662  3  75  15  27  March  620  1566  922  724  2  45  2  36  April  350  915  430  550  1  32  1  20  May  250  355  225  350  1  23  1  5  June  220  341  157  332  0  10  0  11  July  100  332  136  289  0  7  0  9  August  90  293  107  132  0  4  0  5  September  95  305  110  250  0  7  0  17  October  290  665  223  374  1  22  5 Transactions of the Royal Society of Tropical Medicine and Hygiene low in both canals for the entire duration of the project, reaching only 75 larvae (26 first, 24 second, 12 third and 13 fourth instars) and 15 pupae in February 2011 and then falling to four larvae (two first and two second instars) and zero pupae in August. The number of mosquito egg rafts was similarly reduced. Before the start of the study, the number of egg rafts per dip in the canals had varied from a low of 90 in August to a high of 800 in February. Once the speedboats came into use, the number of egg rafts per dip fell to 3 in February 2011 and 0 in August.
Adult mosquito densities also declined. Before the project began, per man-hour density (PMHD) of adult mosquitoes (only females of C. quinquefasciatus were counted) varied from 132 in August to 724 in March. During the project, the PMHD of adults varied from 36 in March 2011 to five in August.
Before the programme of spraying larvicide along the canals (Figure 3) , the average count of mosquito larvae per dip in both the canals varied from 452 (44 first, 56 second, 150 third and 202 fourth instars) in August to 4552 (537 first, 622 second, 1463 third and 1930 fourth instars) in February ( Table 2) . After spraying began, larval density declined as follows: 82 larvae (30 first, 32 second, 12 third and eight fourth instars) in February and eight larvae (three first, two second, two third and one fourth instar) in August. A marked reduction in the density of adult mosquitos was also noticed. Before spraying began, the PMHD of adult mosquitoes varied from 165 in August to 1797 in March. After the start of the programme, the PMHD of adults varied from 45 in March 2011 to nine in August.
The Kolkata Municipal Corporation spent an estimated $US33.8 per km per day on speedboat hire and $US170.4 per km per day on the administration of larvicide (this cost including rowing-boat hire, the spraymen's wages and the larvicide, Temephos 50% EC).
Discussion
C. quinquefasciatus, the species comprising 65 -97% of Kolkata's night-biting mosquitoes, breeds mostly in sewerage canals, including the two specified herein, and similar bodies of slowmoving or standing water. Fortunately, while malaria and dengue remain as age-old public health problems in Kolkata, the burden of bancroftian filariasis and other diseases transmitted by C. quinquefasciatus in the city is practically zero. The nuisance created by these mosquitoes is however enormous, particularly for people living alongside the canals, reaching its peak in February to March.
The mosquito control project was the first of its kind to be carried out by Kolkata Municipal Corporation and yielded highly satisfactory results, achieving a dramatic reduction in the densities of both mosquito immatures and adult insects. Questions now arise from these results; for example, why were the numbers of C. quinquefasciatus larvae and pupae so markedly reduced? Did the mortality result from wave-induced mechanical injury or prevention of their proper orientation to obtain oxygen? Or did the rise and fall of the waves leave a critical number of mosquito eggs, larvae and pupae stranded on the canal banks each day?
A previous study has found that a water flow of more than 4 cm per s leads to a reduced density of mosquito immatures. 5 In the present study, the much higher speed of the speedboats (i.e. 25.8 cm per s) and the waves generated by them as they plied the canals may have created a flushing effect, washing away the egg rafts, larvae and pupae of C. quinquefasciatus.
Combustion of fuels such as kerosene and petrol, used to power the speedboats, releases air pollutants such as carbon monoxide, hydrocarbons and nitrogen dioxide. 6 It was not D. Biswas et al.
possible to analyse in detail the extent of air pollution caused by burning these fuels. However, no water pollutant was released during use of the boats. The prevention of mosquito breeding with speedboat-generated waves is therefore potentially an ecofriendly approach that can be tried at sites where the use of insecticides is unfeasible or undesirable and the use of boats is an option. Regular flushing of canals remains the best way to prevent mosquitos breeding in them. Where this is not done, and the canal edges are inaccessible to spraymen, spraying with the larvicide Temephos 50% EC can be achieved by the use of rowing-boats as transport for the spraymen.
